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Abstract
 
T cells play a central role in orchestrating immunity against pathogens, particularly viruses.
Thus, impairing T cell activation is an important strategy employed by viruses to escape host
immune control. The tyrosine kinase–interacting protein (Tip) of the T lymphotropic Herpes-
virus saimiri (HVS) is constitutively present in lipid rafts and interacts with cellular Lck tyrosine
kinase and p80 endosomal protein. Here we demonstrate that, due to the sequestration of Lck
by HVS Tip, T cell receptor (TCR) stimulation fails to activate ZAP70 tyrosine kinase and to
initiate downstream signaling events. TCR 
 
 
 
 chains in Tip-expressing T cells were initially
phosphorylated to recruit ZAP70 molecule upon TCR stimulation, but the recruited ZAP70
kinase was not subsequently phosphorylated, resulting in TCR complexes that were stably
associated with inactive ZAP70 kinase. Consequently, Tip expression not only markedly in-
hibited TCR-mediated intracellular signal transduction but also blocked TCR engagement
with major histocompatibility complexes on the antigen-presenting cells and immunological
synapse formation. These results demonstrate that a lymphotropic herpesvirus has evolved a
novel mechanism to deregulate T cell activation to disarm host immune surveillance. This process
contributes to the establishment and maintenance of viral latency.
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Introduction
 
Activation of T cells is initiated when TCRs bind stimulatory
peptides in the context of self-MHC molecules. Engage-
ment of TCR triggers an intracellular signaling cascade that
culminates in cytokine gene expression, proliferation, and
the execution of T cell effector functions (1, 2). Signal
transmission from TCR is mediated by sequential activation
of Src family kinases, Lck, and Fyn, which phosphorylate
tyrosine residues within the immunoreceptor tyrosine-based
activation motifs of the CD3 and 
 
 
 
 subunits of TCR (3).
The phosphorylation of immunoreceptor tyrosine-based
activation motifs allows the tyrosine kinase ZAP70 to be
recruited to the receptor complexes where it is phosphory-
lated and activated. Upon activation, Lck and ZAP70 pre-
sumably act in concert to propagate signals from TCR and
lead to Ca
 
2
 
 
 
 mobilization and the transcription of gene
products for T cell activation and proliferation.
Several recent papers have described the spatial and tem-
poral recruitment of signaling molecules to an organized
contact zone known as the immunological synapse (2). The
mature immunological synapse is a highly organized inter-
action site at the interface between a T cell and an APC. At
the immunological synapse, TCRs, coreceptors, adhesion
molecules, and signaling molecules are assembled. An elab-
orately choreographed series of movements of signaling
molecules including Lck, ZAP70, LAT, and PKC
 
 
 
 to the
immunological synapse has been shown upon TCR stimu-
lation (4–6). Particularly, ZAP70 has been shown to be
necessary to supply the synapse with LAT and PKC
 
 
 
, indi-
cating that ZAP70-dependent signaling is required for the
formation of a functional immune synapse (5). Furthermore,
recent studies have demonstrated that TCR signaling pre-
cedes immunological synapse formation and that the im-
munological synapse acts as a type of adaptive controller
that not only boosts TCR signaling but also attenuates
strong signals (7, 8).
Herpesvirus saimiri
 
 
 
(HVS), an oncogenic 
 
 
 
2 herpesvirus,
naturally infects squirrel monkeys of South America. HVS
persists in T lymphocytes of the natural host without any
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apparent disease, but infection of other species of primate
results in fulminant T cell lymphomas (9). A HVS protein,
called tyrosine kinase–interacting protein (Tip) that is con-
stitutively present in lipid rafts, is not required for viral rep-
lication but is required for T cell transformation in culture
and for lymphoma induction in primates (10). Tip interacts
with the SH3 domain of Lck, and this interaction interferes
with early events of the TCR signal transduction pathway
(11, 12). The molecular interaction between Lck and Tip
has been mapped to 37 amino acid residues of Tip, termed
the Lck-binding domain (LBD). The LBD consists of two
motifs: a COOH-terminal Src family kinase homology
motif and an SH3-binding motif (12). Tip has been also
shown to interact with a novel cellular endosomal protein,
p80, that contains an NH
 
2
 
-terminal WD (tryptophan-aspartic
acid) repeat domain and a COOH-terminal coiled-coil
domain (13). Interaction of Tip with p80 facilitates endo-
somal vesicle formation (13). Our recent study has shown
that the Tip–Lck interaction recruits TCR complex to
lipid rafts, and the Tip–p80 interaction subsequently in-
duces the aggregation and internalization of lipid rafts and
thereby down-regulates the TCR complex (14). Thus, the
signaling and targeting functions of HVS Tip rely on two
functionally and genetically separable mechanisms that in-
dependently target cellular Lck tyrosine kinase and p80 en-
dosomal protein.
Although the interaction of HVS Tip with Lck signifi-
cantly down-regulates TCR signal transduction, the detailed
mechanism is mostly unknown. To further delineate the ef-
fect of HVS Tip on TCR signal transduction, we examined
the effect of Tip expression on T cells upon stimulation. In
this report, we demonstrate that Tip expression inhibits the
activation of T cells through the precise interruption of the
phosphorylation and activation of ZAP70 kinase upon stim-
ulation. This inhibitory activity of Tip ultimately blocks in-
tracellular calcium mobilization, immunological synapse for-
mation, and cytokine production, which are required for the
activation and proliferation of T cells. These results detail the
molecular mechanism of Tip-mediated inhibition of TCR
signal transduction, a process that ultimately contributes to
deactivating host immune control.
 
Materials and Methods
 
Superantigen-induced Immunological Synapse Formation.
 
Jurkat T
cells were transfected with fusion expression plasmids encoding
Tip-GFP, TipmLBD-GFP, or vector. Prior to conjugation, Raji B
cells were incubated with 1 
 
 
 
g/ml of Staphylococcus enterotoxin
E (SEE; Toxin Technology, Inc.). Jurkat T cells and Raji B cells
were mixed at a 1:1 ratio, placed on poly-
 
l
 
-lysine–coated slides,
and incubated at 37
 
 
 
C for 15 min. After fixation and permeabiliza-
tion as described in Supplemental Materials and Methods (available
at http://www.jem.org/cgi/content/full/jem.20040924/DC1), cells
were stained and analyzed by confocal microscopy.
 
Flow Cytometry Analysis of T Cell–APC Conjugation.
 
The for-
mation of T cell–APC conjugates after SEE treatment was deter-
mined by flow cytometry as described previously (15) with some
modification. Briefly, Raji B cells were resuspended at 2 
 
 
 
 10
 
6
 
cells/ml, treated for 30 min at 37
 
 
 
C with 3 
 
 
 
g/ml of dihydro-
ethidium (HE; Molecular Probes), washed once with medium,
and further incubated with or without SEE as described previously
(15). Jurkat T cells were electroporated with plasmids encoding
GFP, Tip-GFP, or TipmLBD-GFP and used for the conjugate
formation. Both cell lines were mixed at 1:1 ratio, incubated for
15 min at 37
 
 
 
C, and fixed directly in suspension by adding 4%
formaldehyde solution for 20 min. The conjugates were analyzed
by flow cytometry. The percentage of conjugated T cells was de-
termined as the number of dual-labeled (HE and GFP-positive)
events divided by the number of GFP-positive T cells.
 
Online Supplemental Materials.
 
Online Supplemental Materials
and Methods contains cell culture and antibody, lentiviral vector
(provided by Drs. P. Johnson and S. Braun, New England Pri-
mate Research Center, Harvard Medical School) construction
and infection, flow cytometry and ELISA, calcium mobilization
analysis, and immunofluorescence immunoprecipitation and im-
munoblot analyses. Fig. S1 shows the surface expression of CD3
and CD4 on Jurkat T cells expressing Tip or its mutant before
stimulation. Fig. S2 shows the inhibitory effects of Tip on the
immunological synapse formation and the conjugation forma-
tion between T and B cells. All online supplemental material is
available at http://www.jem.org/cgi/content/full/jem.20040924/
DC1.
 
Results and Discussion
 
Inhibition of T Cell Receptor Signal Transduction by Tip.
 
Upon engagement with the MHC complexes on the
APCs, TCR initiates an array of signal transduction events
(1, 16). To investigate the effect of Tip on T cell receptor
signal transduction, the purified CD2
 
 
 
 T cells from human
PBMCs were transduced with lentiviral vectors carrying
the GFP or Tip gene, followed by stimulation with anti–
CD3 antibody–coated beads. Flow cytometry indicated
 
 
 
80–90% efficiency of lentiviral transduction in primary
CD2
 
 
 
 T lymphocytes (not depicted). Anti-CD3 stimula-
tion strongly induced IL-2 production in GFP-transduced
T cells, whereas it did poorly in Tip-transduced T cells
(Fig. 1 A). To further test Tip activity in TCR signal trans-
duction, Jurkat T cells were electroporated with pTracer-
GFP vector or pTracer-GFP/Tip vector where Tip and
GFP were expressed from elongation promoter-1 and
CMV early promoter, respectively. At 24 h postelectropo-
ration, these cells were then stimulated with anti–CD3 an-
tibody–coated beads for 24 h followed by ELISA for IL-2
production. This result also indicated that Tip expression
markedly suppressed IL-2 production of Jurkat T cells in-
duced by TCR stimulation (Fig. 1 A). Tip expression was
readily detected in both lentivirus-infected primary T lym-
phocytes and Jurkat T cells (Fig. 1 A).
To further examine the effect of Tip on TCR signal
transduction, Jurkat T cells were electroporated with pTracer-
GFP or pTracer-GFP/Tip and then measured for their
level of intracellular free calcium mobilization. Jurkat-GFP
cells exhibited a rapid increase in intracellular calcium con-
centration immediately after anti-CD3 stimulation, whereas
Jurkat-Tip cells were not capable of increasing intracellular
calcium concentration under the same conditions (Fig. 1
B). To further investigate the negative effect of Tip on TCR- 
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induced intracellular calcium mobilization, we included
numerous Tip mutants in the same assay. These mutants
were: TipmLBD, which does not interact with Lck; Tip
LBD, which contains only 37 amino acids of the Lck-bind-
ing domain and is able to bind to Lck; Tip 
 
 
 
2, which does
not interact with p80 (13); Tip Y
 
114
 
F, which does not in-
teract with STAT3 (17); Tip Y
 
127
 
F, which lacks tyrosine
phosphorylation at Y
 
127
 
; and Tip
 
 
 
TM, which has a dele-
tion of the COOH-terminal transmembrane region. Flow
cytometry showed that Tip
 
 
 
2, Tip
 
 
 
TM, Tip Y
 
114
 
F, and
Tip Y
 
127
 
F were capable of inhibiting the elevation of intra-
cellular calcium concentration upon anti-CD3 stimulation
as efficiently as WT Tip. Thus, the interaction with p80
and STAT, the tyrosine phosphorylation at Y
 
114
 
 or Y
 
127
 
residues, and the COOH-terminal transmembrane region
are not necessary for Tip to down-regulate TCR signal
transduction (Fig. 1 B). By contrast, both TipmLBD and
Tip LBD were incapable of inhibiting the increase of intra-
cellular calcium concentration, indicating that Lck interac-
tion is necessary but not sufficient for Tip to down-regulate
TCR signal transduction (Fig. 1 B).
Furthermore, the surface expression of CD69 early lym-
phocyte activation marker, which is the consequence of
TCR signal transduction, was measured on CD2
 
 
 
 primary
T cells infected with lentivirus containing GFP, Tip, or
TipmLBD and on Jurkat T cells electroporated with
pTracer, pTracer/Tip, pTracer/TipmLBD, or pTracer/
Tip
 
 
 
2 expression vector upon TCR stimulation. PMA
stimulation was included as a control. As seen with IL-2
production and intracellular calcium mobilization, T cells
expressing GFP or the TipmLBD mutant up-regulated the
surface expression of CD69 upon TCR stimulation, whereas
T cells expressing WT Tip or Tip
 
 
 
2 mutant showed little
or no increase of CD69 surface expression (Fig. 1 C). CD3
and/or CD4 surface expression was detected on CD2
 
 
 
 pri-
mary T cells and Jurkat T cells at equivalent levels before anti-
CD3 stimulation (Fig. S1, available at http://www.jem.org/
cgi/content/full/jem.20040924/DC1). These results indi-
cated that Tip expression effectively inhibits TCR signal
transduction, evidenced by the suppression of IL-2 produc-
tion, intracellular calcium mobilization, and CD69 surface
expression, and that Lck interaction is required but not suf-
ficient for Tip to exhibit such activity.
 
Selective Inhibition of ZAP70 Activation by Tip Expression.
 
The phosphorylation of CD3
 
 
 
 by Lck and the subsequent
recruitment and activation of ZAP70 kinase are proximal
signaling events of TCR signal transduction. Particularly,
the phosphorylation of the Y
 
319
 
 residue of ZAP70 has been
Figure 1. Inhibition of TCR signal transduction by
HVS Tip. (A) IL-2 production. Purified CD2  cells were
infected with lentiviral vectors carrying GFP or Tip. Jurkat
T cells were electroporated with pTracer or pTracer/Tip.
At 24 h postinfection with lentivirus or postelectroporation
with pTracer vector, CD2  cells or Jurkat T cells were
stimulated with anti–human CD3 antibody–coated beads
for 24 h. IL-2 production was then assessed in the superna-
tants by ELISA. Whole cell lysates (WCL) of CD2  cells
infected with GFP lentivirus (top, lane 1) or Tip lentivirus
(top, lane 2) or Jurkat T cells electroporated with pTracer
(bottom, lane 1) or pTracer/Tip (bottom, lane 2) were
used for immunoblotting (IB) with an anti-Tip antibody.
(B) Intracellular calcium mobilization. At 24 h postelec-
troporation with pTracer, pTracer/Tip, or pTracer/Tip
mutants, GFP-positive Jurkat T cells were gated and stim-
ulated with anti-CD3 antibody followed by flow cytometry
to measure intracellular calcium mobilization. (C) Surface
expression of CD69. CD2  cells infected with lentivirus
containing GFP, WT Tip or Tip mLBD, or Jurkat T cells
electroporated with pTracer, pTracer/Tip, pTracer/Tipm-
LBD, or pTracer/Tip  2 were stimulated with anti-CD3–
coated beads overnight, and their surface expression of
CD69 lymphocyte activation marker was determined by
immunostaining with an anti-CD69 antibody followed by
flow cytometry. Unstimulated or PMA-stimulated cells
were also subjected to flow cytometry to assess their level
of CD69 surface expression. 
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shown to be a critical event for T cell activation (18). To
delineate the molecular mechanism of Tip-mediated inhi-
bition of TCR signal transduction, Jurkat T cells were in-
fected with lentivirus carrying GFP or WT Tip, stimulated
with anti–CD3 antibody–coated beads for the indicated
times, and then examined for the tyrosine phosphorylation
of CD3
 
 
 
 and ZAP70. Phospho-specific CD3
 
 
 
 (pCD3
 
 
 
 and
ZAP70 Y
 
319
 
 [pZAP70 Y
 
319
 
]) antibodies were used for im-
munoblot assay. The result showed that upon anti-CD3
stimulation GFP-expressing Jurkat cells showed robust ty-
rosine phosphorylation of the CD3
 
 
 
 chain and ZAP70 Y
 
319
 
residue (Fig. 2 A). Despite the strong tyrosine phosphoryla-
tion of CD3
 
 
 
, however, Jurkat T cells expressing Tip dis-
played little or no phosphorylation of ZAP70 at Y
 
319
 
 (Fig.
2 A). By striking contrast, Jurkat T cells expressing Tipm-
LBD showed robust phosphorylation of both CD3
 
 
 
 and
ZAP70 Y
 
319
 
 upon TCR stimulation, as seen in GFP-
expressing Jurkat T cells (Fig. 2 B). Both CD3
 
 
 
 and ZAP70
expression levels were equivalent in Jurkat-GFP, Jurkat-
Tip, and Jurkat-TipmLBD cells (Fig. 2, A and B).
To further detail the Tip-mediated inhibition of ZAP70
activation, we investigated whether Tip expression affected
the recruitment of ZAP70 into the tyrosine phosphorylated
CD3
 
 
 
 chain upon TCR stimulation. Jurkat T cells infected
with GFP or Tip lentivirus were treated with or without
anti–CD3 antibody–coated beads, and their lysates were
used for immunoprecipitation with anti-CD3
 
 
 
 or anti-ZAP70
antibody, followed by immunoblotting with anti-CD3
 
 
 
anti-ZAP70, anti-phospho CD3
 
 
 
, or anti-ZAP70 Y
 
319
 
 anti-
bodies. ZAP70 was efficiently recruited into the tyrosine-phos-
phorylated CD3
 
 
 
 chain in both Jurkat-GFP and Jurkat-Tip
cells upon TCR stimulation, indicating that Tip expression
had no effect on the recruitment of ZAP70 into the TCR
complex (Fig. 2 C). To further delineate the Tip effect on
ZAP70 kinase activity, we examined the tyrosine phosphor-
ylation of linker for activation of T cells (LAT) and PLC-
 
 
 
1,
which both are substrates of ZAP70 in living cells. LAT and
PLC-
 
 
 
1 underwent a robust tyrosine phosphorylation in
Jurkat-GFP cells after TCR stimulation, whereas they did
not showed a detectable level of tyrosine phosphorylation in
Jurkat-Tip cells under the same conditions (Fig. 2 C). These
results demonstrate that Tip expression inhibits the activa-
tion of T cells through the precise interruption of the phos-
phorylation and activation of ZAP70 kinase upon stimula-
tion and that this inhibitory activity of Tip ultimately
resulted in blocking TCR signal transduction.
 
Inhibition of Immunological Synapse Formation by Tip.
 
One
of the first phenomena described during TCR activation
by APCs is the clustering of the TCR–CD3 complex in
the zone of contact, resulting in the formation of an immu-
nological synapse (2). Several recent papers have shown
that this clustering of receptors, adhesion molecules, and
signaling molecules is dependent on signaling events medi-
ated by Lck and ZAP70 (5, 19). Since Tip and Lck interac-
tion effectively inhibited ZAP70 activation induced by
TCR stimulation, we investigated whether Tip affected the
formation of the immunological synapse. To do this, Jurkat
T cells electroporated with vector or GFP–Tip fusion vec-
tor were engaged with Raji B cells primed with SEE, and
the localization of CD3
 
 
 
, LFA-1, Lck, and cellular tyrosine
phosphorylation was then detected by the corresponding
antibodies and examined by confocal microscopy. Jurkat T
cells in the control set showed well-organized recruitment
of CD3
 
 
 
, LFA-1, and Lck to the zone of contact between
T cells and B cells in the presence of SEE (Fig. 3 A). In ad-
Figure 2. Inhibition of ZAP70 activation by Tip expression. (A) Inhi-
bition of ZAP70 phosphorylation by Tip expression. At 24 h postinfection
with GFP or Tip lentivirus, Jurkat T cells were stimulated with an anti–
CD3 antibody–coated beads for the indicated time (minutes). Whole cell
lysates (WCL) were used for immunoblotting (IB) with anti-ZAP70,
anti-phospho ZAP70 Y319, anti-CD3 , anti-phospho CD3 , or anti-Tip
antibody. (B) Requirement of Lck interaction for Tip to inhibit the acti-
vation of ZAP70 kinase. (Left) At 24 h postinfection with GFP lentivirus
(lanes 1 and 2), Tip lentivirus (lanes 3 and 4), or TipmLBD lentivirus
(lanes 5 and 6), Jurkat T cells were unstimulated (lanes 1, 3, and 5) or
stimulated (lanes 2, 4, and 6) with an anti–CD3 antibody–coated beads
for 5 min. WCL were used for IB with anti-phospho ZAP70 Y319 anti-
body, anti-phospho CD3  antibody, anti-ZAP70 antibody, or anti-CD3 
antibody. (Right) Lysates of Jurkat T cells infected with GFP lentivirus
(lane 1), Tip lentivirus (lane 2), or TipmLBD lentivirus (lane 3) were used
for IB with anti-Tip antibody. (C) Tyrosine phosphorylation of ZAP70,
CD3 , LAT, and PLCg1 upon TCR stimulation. At 24 h postinfection
with GFP lentivirus (lanes 1 and 2) or Tip lentivirus (lanes 3 and 4), Jurkat T
cells were unstimulated (lanes 1 and 3) or stimulated (lanes 2 and 4) with
an anti–CD3 antibody–coated beads for 5 min. WCL were used for immu-
noprecipitation (IP) with anti-ZAP70, anti-CD3 , or anti-PLC 1 antibody.
Each immunoprecipitate was IB with anti-phospho PLC 1, anti-PLC 1,
anti-phospho ZAP70 Y319, anti-ZAP70, anti-phospho CD3 , or anti-
CD3  antibody. Cell lysates were also used for IB with anti-phospho-LAT
Y191 and anti-LAT antibodies. 
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dition, the intracellular localized appearance of tyrosine-
phosphorylated proteins was strongly detected at the T
cell–APC contact area in control Jurkat T cells (Fig. 3). By
striking contrast, the recruitment of CD3
 
 
 
, LFA-1, Lck,
and tyrosine phosphorylated proteins to the T cell–APC
contact area was remarkably impaired in Jurkat T cells ex-
pressing Tip–GFP under the same conditions (Fig. 3). Spe-
cifically, instead of being recruited to the immunological
synapse area, these proteins accumulated in the intracellular
enlarged endosomal compartments of the cells; this local-
ization has been shown to be induced by Tip and p80 in-
teraction (13) (Fig. 3). However, Jurkat T cells expressing
TipmLBD showed concentrations of CD3
 
 
 
, LFA-1, Lck,
and tyrosine phosphorylated proteins at the contact areas
between T cells and APCs as strongly as control Jurkat cells
(Fig. 3). This indicates that Tip expression efficiently inhib-
its immunological synapse formation and that this activity
of Tip requires Lck interaction.
Using confocal microscopy, we also estimated the per-
centages of T cell–APC conjugates that showed the en-
hanced recruitment of CD3
 
 
 
 and Lck to the contacting
synaptic area (Fig. S2 A, available at http://www.jem.org/
cgi/content/full/jem.20040924/DC1). Approximately 65%
of conjugates between Jurkat T cells and Raji B cells showed
the cluster of CD3
 
 
 
 and Lck at the synaptic area in the
presence of SEE (Fig. S2 A). By contrast, only 15% of con-
jugates between Jurkat-Tip-GFP T cells and Raji B cells
showed the cluster of CD3
 
 
 
 and Lck at the synaptic area in
Figure 3. Inhibition of immunological synapse forma-
tion by Tip. Jurkat T cells (T) electroporated with vector
(vec), GFP-Tip, or GFP-TipmLBD fusion vector where
Tip was in-frame fused into the COOH terminus of GFP
were mixed with SEE-primed Raji B cells (B) for 15 min.
Cells were permeabilized, reacted with the indicated anti-
bodies, and subjected to confocal microscopy. P-Y indicates
tyrosine-phosphorylated proteins. Cells were also visualized
with Nomarski optics. 
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the presence of SEE (Fig. S2 A). This result was almost
comparable to that observed when Jurkat T cells were in-
cubated with unprimed APCs. In addition, 
 
 
 
70% of con-
jugates between Jurkat-TipmLBD-GFP T cells and SEE-
primed Raji B cells also showed the cluster of CD3
 
 
 
 and
Lck in the synaptic area (Fig. S1 A).
Finally, we investigated whether, besides blocking im-
munological synapse formation, Tip also inhibited the con-
jugation between T cell and APC. To do this, we used a
flow cytometry-based assay as described previously (15).
Raji B cells were stained with HE, incubated with or with-
out SEE, and mixed with Jurkat T cells expressing GFP,
Tip-GFP, or TipmLBD-GFP at a 1:1 ratio. Although a
low level of conjugation between Jurkat-GFP or Jurkat-
TipmLBD T cells and Raji B cells was detected in the ab-
sence of SEE, the percentage of conjugation between these
cells increased by approximately three- to fivefold in the
presence of SEE (Fig. S2 B). However, Jurkat T cells ex-
pressing WT Tip-GFP fusion showed little or no increase
of conjugation between T and B cells induced by SEE
treatment (Fig. S2 B). These results collectively indicate
that Tip inhibits the movement of TCR and Lck to the site
of contact with SEE-primed APC, suppresses the formation
of the immunological synapse, and ultimately abrogates the
activation of TCR stimulation.
Because of its biological significance in orchestrating im-
munity against pathogenic challenges, particularly viral in-
fections, TCR signal transduction is a common target of
viruses as a strategy to persist in the host (20, 21). The ear-
liest signaling event after TCR engagement is the sequen-
tial activation of the nonreceptor protein tyrosine kinases
(PTKs) of the Src, Tec, Syk families (16). Lck and Fyn are
the Src family PTK, Itk is the Tec family PTK, and ZAP70
is the Syk family PTK. Upon TCR stimulation, together
with Lck and Fyn, the ZAP70 and Itk kinases promote the
phosphorylation of many intracellular signaling molecules,
which ultimately induces various cellular events such as cy-
toskeletal alteration, intracellular Ca
 
2
 
 
 
 influx, transcription
factor activation, and cytokine/chemokine production (16).
Mounting evidence suggests that Lck and ZAP70 tyrosine
kinases play central roles in this TCR signal transduction.
The complex interactions of the SH2 and/or SH3 domains
of Lck and ZAP70 with substrates or downstream effectors
ultimately transduce signals for T cell activation and prolif-
eration, resulting in the generation of a host immune re-
sponse to invading pathogens. We demonstrated that, due
to the sequestration of Lck by HVS Tip, TCR stimulation
fails to activate ZAP70 tyrosine kinase and to initiate down-
stream signaling events. CD3
 
 
 
 chains in Tip expressing
T cells were initially phosphorylated to recruit ZAP70 ki-
nase upon TCR stimulation, but the recruited ZAP70
molecule was not subsequently phosphorylated, resulting in
TCR complexes that were stably associated with inactive
ZAP70 kinase. This phenomenon is strikingly similar to
that in CD4
 
 
 
 and CD8
 
 
 
 thymocytes whose TCR signaling
has been shown to be blocked due to the occupation of
TCR 
 
 
 
 chains with inactive ZAP70 kinase (22). Further-
more, TCR signaling in CD4
 
 
 
CD8
 
 
 
 thymocytes is im-
paired because the number of available Lck molecules is di-
minished by intrathymic CD4–MHC II interactions that
initially activate Lck molecules, which are subsequently de-
graded (22). We have also shown that Tip recruits Lck to
the lysosomal compartments where it likely undergoes deg-
radation (13). This suggests that, as seen in thymocytes
(22), HVS utilizes Tip–Lck interaction to block TCR sig-
nal transduction, which renders virus-infected cells inert
and unresponsive to stimulus. Thus, impairment of the
TCR signal transduction pathway, in particular Lck and
ZAP70 function, may be a vital strategy employed by T
lymphotropic HVS to escape host immune control and
maintain latency.
 
We especially thank J. Macke for manuscript editing.
This work was partly supported by U.S. Public Health Service
grants CA39363 and RR00168. J. Jung is a Leukemia and Lym-
phoma Society Scholar.
The authors have no conflicting financial interests.
 
Submitted: 10 May 2004
Accepted: 8 July 2004
 
References
 
1. van Leeuwen, J.E., and L.E. Samelson. 1999. T cell antigen-
receptor signal transduction. 
 
Curr. Opin. Immunol.
 
 11:242–248.
2. Huppa, J.B., and M.M. Davis. 2003. T-cell-antigen recogni-
tion and the immunological synapse. 
 
Nat. Rev. Immunol.
 
 3:
973–983.
3. Iwashima, M., B.A. Irving, N.S. van Oers, A.C. Chan, and
A. Weiss. 1994. Sequential interactions of the TCR with two
distinct cytoplasmic tyrosine kinases. 
 
Science.
 
 263:1136–1139.
4. Monks, C.R., B.A. Freiberg, H. Kupfer, N. Sciaky, and A.
Kupfer. 1998. Three-dimensional segregation of supramolec-
ular activation clusters in T cells. 
 
Nature.
 
 395:82–86.
5. Blanchard, N., V. Di Bartolo, and C. Hivroz. 2002. In the
immune synapse, ZAP70 controls T cell polarization and re-
cruitment of signaling proteins but not formation of the syn-
aptic pattern. 
 
Immunity.
 
 17:389–399.
6. Freiberg, B.A., H. Kupfer, W. Maslanik, J. Delli, J. Kappler,
D.M. Zaller, and A. Kupfer. 2002. Staging and resetting T
cell activation in SMACs. 
 
Nat. Immunol.
 
 3:911–917.
7. Lee, K.H., A.D. Holdorf, M.L. Dustin, A.C. Chan, P.M.
Allen, and A.S. Shaw. 2002. T cell receptor signaling precedes
immunological synapse formation. 
 
Science. 295:1539–1542.
8. Lee, K.H., A.R. Dinner, C. Tu, G. Campi, S. Raychaudhuri,
R. Varma, T.N. Sims, W.R. Burack, H. Wu, J. Wang, et al.
2003. The immunological synapse balances T cell receptor sig-
naling and degradation. Science. 302:1218–1222.
9. Jung, J.U., J.K. Choi, A. Ensser, and B. Biesinger. 1999. Her-
pesvirus saimiri as a model for gammaherpesvirus oncogene-
sis. Semin. Cancer Biol. 9:231–239.
10. Duboise, S.M., J. Guo, S. Czajak, R.C. Desrosiers, and J.U.
Jung. 1998. STP and Tip are essential for herpesvirus saimiri
oncogenicity. J. Virol. 72:1308–1313.
11. Biesinger, B., A.Y. Tsygankov, H. Fickenscher, F. Emmrich,
B. Fleckenstein, J.B. Bolen, and B.M. Broker. 1995. The
product of the Herpesvirus saimiri open reading frame 1 (tip)
interacts with T cell-specific kinase p56lck in transformed
cells. J. Biol. Chem. 270:4729–4734.
12. Jung, J.U., S.M. Lang, U. Friedrich, T. Jun, T.M. Roberts,Cho et al. Brief Definitive Report 687
R.C. Desrosiers, and B. Biesinger. 1995. Identification of
Lck-binding elements in tip of herpesvirus saimiri. J. Biol.
Chem. 270:20660–20667.
13. Park, J., B.S. Lee, J.K. Choi, R.E. Means, J. Choe, and J.U.
Jung. 2002. Herpesviral protein targets a cellular WD repeat
endosomal protein to downregulate T lymphocyte receptor
expression. Immunity. 17:221–233.
14. Park, J., N.H. Cho, J.K. Choi, P. Feng, J. Choe, and J.U.
Jung. 2003. Distinct roles of cellular Lck and p80 proteins in
herpesvirus saimiri Tip function on lipid rafts. J. Virol. 77:
9041–9051.
15. Criado, G., and J. Madrenas. 2004. Superantigen stimulation
reveals the contribution of Lck to negative regulation of T
cell activation. J. Immunol. 172:222–230.
16. Lin, J., and A. Weiss. 2001. T cell receptor signalling. J. Cell
Sci. 114:243–244.
17. Hartley, D.A., and G.M. Cooper. 2000. Direct binding and
activation of STAT transcription factors by the herpesvirus
saimiri protein tip. J. Biol. Chem. 275:16925–16932.
18. Williams, B.L., B.J. Irvin, S.L. Sutor, C.C. Chini, E. Yacy-
shyn, J. Bubeck Wardenburg, M. Dalton, A.C. Chan, and
R.T. Abraham. 1999. Phosphorylation of Tyr319 in ZAP70 is
required for T-cell antigen receptor-dependent phospholipase
C-gamma1 and Ras activation. EMBO J. 18:1832–1844.
19. Ehrlich, L.I., P.J. Ebert, M.F. Krummel, A. Weiss, and M.M.
Davis. 2002. Dynamics of p56lck translocation to the T cell
immunological synapse following agonist and antagonist stim-
ulation. Immunity. 17:809–822.
20. Weiss, A. 1993. T cell antigen receptor signal transduction: a
tale of tails and cytoplasmic protein-tyrosine kinases. Cell. 73:
209–212.
21. Callan, M.F., and A.J. McMichael. 1999. T cell receptor usage
in infectious disease. Springer Semin. Immunopathol. 21:37–54.
22. Wiest, D.L., J.M. Ashe, R. Abe, J.B. Bolen, and A. Singer.
1996. TCR activation of ZAP70 is impaired in CD4 CD8 
thymocytes as a consequence of intrathymic interactions that
diminish available p56lck. Immunity. 4:495–504.